bone marrow. As previously described, 4 the BMT entailed aspiration of marrow cells under general anesthesia, after which mononuclear cells were isolated using a CS3000-Plus blood-cell separator (Baxter, Deerfield, USA) and were concentrated in a final volume of 50 ml. We then divided the mononuclear cells (1×10 9 to 3×10 9 cells) into 100 aliquots (0.5 ml each) and injected them into the gastrocnemius of the ischemic lower limbs every 4.5 cm 2 . Finally, a G-CSF group (n=14) received conventional therapy plus a subcutaneous injection of 2-5 g/kg of recombinant human G-CSF (Lenograstim, Chugai Pharmaceutical Co Ltd, Japan) once daily for 10 days. The individual injected dose of G-CSF was determined daily to maintain the total white blood cell count in the peripheral blood at approximately 30,000 / l.
The subjective symptoms and blood flow parameters, including pain-free walking distance, ankle -brachial pressure index (ABPI) and transcutaneous oxygen pressure (TcO2) were evaluated before and 1 month after the treatments. ABPI was measured 3 times at each time point. In some cases, such as hemodialysis patients, ABPI becomes unexpectedly high and does not necessarily reflect the severity of limb ishemia. Therefore, for the assessment of ABPI, we excluded patients who had baseline ABPI values higher than 0.95, which is thought to be within the normal range, in spite of sufficient clinical manifestation of severe ischemic PAD. Thus, we assessed ABPI using the data from 13 of 14, 12 of 13, and 10 of 12 patients, in the G-CSF, BMT, and control groups, respectively. For TcO2 measurements, we applied an oxygen pressure-monitoring probe (PO-850, Sumitomo-Hightechts, Tokyo, Japan) to the dorsum of the foot, heated it to 43.5°C, and recorded the TcO2 values after an acclimatization period of 20 min. 4 The measurement of TcO2 was performed while patients were supine, breathing room air. Pain-free walking distance was measured on treadmill at 3 km/h with no incline. As described previously, 4 rest pain of each patient was assessed by grading as +4 (severe pain unresolved with non-steroidal anti-inflammatory drugs (NSAIDs)), +3 (moderate pain NSAIDs necessary), +2 (slight pain NSAIDs unnecessary), +1 (very slight pain), 0 (completely resolved). All data were obtained by investigators who were unaware of the treatment allocation. Anti-hrombotic drugs such as aspirin and warfarin were administered to all of the subjects during the study.
Statistical Analysis
Values are expressed as means ± SE. Differences in patient characteristics among the 3 groups were evaluated using the 2 test. Baseline and follow-up rest pain scale values were compared using the Wilcoxon signed rank test. Changes in ABPI and TcO2 from baseline to 1 month after treatment were analyzed with 2-tailed paired t-test. Table 1 shows the clinical characteristics of the patients in the 3 therapy groups. No significant differences were seen with respect to age, gender, the severity of the limb ischemia, or such complications as diabetes mellitus, hemodialysis and ischemic cardiac/cerebral disease.
Results

Clinical Characteristics of Patients
Effects After 1 Month of Treatment
As shown in Table 1 and Fig 1, the pretreatment values for rest pain, ABPI and TcO2, which reflect the severity of lower-limb ischemia, were similar among the 3 therapy groups. One month after treatment, however, rest pain scale values had decreased significantly in the G-CSF and BMT groups, but not in the conventional therapy group (Table 1) . ABPI in the G-CSF and BMT groups increased significantly from, 0.47±0.03 and 0.43±0.05 respectively, at baseline to, 0.56±0.04 and 0.53±0.06 respectively, at 1 month after treatment. At the same time, TcO2 (mmHg) increased 1 month after treatment in both the G-CSF group (27±4 vs 37±3, p<0.05) and the BMT group (24±6 vs 32±8, p<0.05). Indeed, there was no significant difference between the results in the BMT and G-CSF groups (Fig 1) , indicating equivalent improvements in blood flow. In contrast, no such improvements were seen in the control group (ABPI: ). An increase in ABPI of more than 0.1 was noted in 7 of 13 patients in the G-CSF group and in 7 of 12 patients in the BMT group (Table 1) . These incidences were significantly higher than that seen in the conventional therapy group (1 of 10 patients). Significant improvement of ischemic ulcers was seen in 3 of 7 and 3 of 8 patients, in the G-CSF and BMT groups, respectively, but was seen only 1 of the 6 patients with ulcers in the conventional therapy group (Fig 2,  Table 1 ).
Adverse Effects
Although 5 patients receiving G-CSF complained of bone pain, it was not clinically serious. No major complications (ie, eath, liver or renal dysfunction, spleen hypertrophy, or myocardial or cerebral infarct) occurred in either the BMT or G-CSF group. However, 1 day after completing the 10-day G-CSF treatment, ventricular fibrillation followed by complete recovery after immediate external electrical cardioversion occurred in 1 patient in the G-CSF group. This patient had an old myocardial infarction and showed frequent ventricular premature beats. A rapid fall in serum potassium (2.7 mmol/L at the onset of ventricular fibrillation) due to severe diarrhea of unknown etiology was thought to be related to the arrhythmia. There was no clinical evidence of acute myocardial or cerebral infarction. Subsequent coronary angiography revealed no significant coronary stenosis.
Peripheral Blood Cell Counts
In the G-CSF group before treatment, the average numbers of white blood cells, granulocytes, monocytes and CD34-positive cells in the peripheral blood were 6,082± 478 / l, 4,000±479 / l, 396±52 / l and 0.72±0.07 / l, respectively (Fig 3) . During the 10-day treatment protocol, as shown in Fig 3, those numbers peaked respectively at 32,770±1,069 / l, 29,763±1,024 / l, 1,415±290 / l and 4.74±0.90 / l (p<0.05 for each parameter), but then declined to the pretreatment levels within 4 days after completing the treatment. There were no significant changes in lymphocyte, red blood cell or thrombocyte counts throughout the experiment. The BMT and conventional therapy groups showed no significant changes in peripheral blood cell counts. The cumulative dose of G-CSF administered to patients in the G-CSF group ranged from 0.85 mg/10 days to 2.10 mg/10 days (average =1.59±0.91 mg/10 days). Limb salvage after granulocyte colony-stimulating factor (G-CSF) therapy: the case of a 77-year-old man. Ulcers and ischemic necrosis, which had persisted for 3 months, showed remarkable improvement after G-CSF therapy.
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Discussion
Therapeutic Effect of G-CSF
Although conventional therapy provided patients participating in this study with no relief from their PAD, subcutaneous administration of G-CSF led to significant improvements in inflow blood pressure and oxygenation, as reflected by ABPI and TcO2, respectively, which was associated with a concomitant reduction in rest pain scale values. Standard assessment criteria for interventional therapy for PAD indicate that increases in ABPI of more than 0.1 are desirable. The incidence of such increases seemed higher in the G-CSF group than the conventional therapy group.
It is well known that the placebo effect is very powerful in end-stage patients and can induce even physiological changes. Nevertheless, this trial was not designed as a placebo-controlled study because the frequent occurrence of bone pain makes G-CSF a potential unblinding agent. 11 In fact, approximately one-third of patients receiving G-CSF in the present study experienced bone pain, even though we used only a low dose of the drug. To overcome this situation, in addition to a negative control (conventional therapy group), the therapeutic effect of G-CSF injection was compared with that of BMT, which has been shown to exert a real clinical effect 4 and therefore served as a positive control. We found that G-CSF showed a favorable clinical effect equivalent to that afforded by BMT. Moreover, because placebo effects are especially strongly associated with invasive and complicated procedures, 12 the simplicity of subcutaneous injection of G-CSF, as compared to the much more complex and invasive BMT therapy, encourages us to believe that the G-CSF-mediated improvement is not explained by a placebo effect.
Dosages of Injected G-CSF
We strictly controlled the daily dosage of G-CSF (2-5 g/kg) to maintain the peripheral blood leukocyte count at approximately 30,000 / l. The occurrence of life-threatening complications from G-CSF injection, including myocardial and cerebral infarctions 13 and spontaneous rupture of the spleen, 14 has been reported in the setting of PBSC transplantation in healthy humans, where the daily injected dose of G-CSF is usually 5-10 g/kg, and peripheral leukocyte counts frequently exceed 50,000 / l. With G-CSF, as with most other drugs, the incidence of adverse effects is a direct function of the dosage. 11 For PBSC mobilization in healthy donors, Harada et al reported that a G-CSF dose of less than 10 g/kg per day is acceptable, 15 whereas Murata et al recommended 8.8 g/kg per day or less. 11 Harada et al also demonstrated that G-CSF facilitates platelet aggregation and recommended that PBSC transplantation donors take aspirin. 15 Our subjects were not healthy volunteers, but were patients with atherosclerotic PAD in which thrombosis is almost always combined with atherosclerotic lesions not only in peripheral arteries but also in coronary and cerebral arteries and aorta. In earlier studies, moreover, the response to G-CSF varied considerably from patient to patient, 16 and the basal numbers of granulocytes, monocytes and CD34-positive cells in peripheral blood generally correlated with the increases in peripheral white blood cells counts seen following G-CSF injection. 17 By contrast, the strict control of the daily dosage enabled us to keep the increases in the peripheral blood of granulocytes, monocytes and CD34-positive cells, as well as white blood cells, relatively constant among patients, as evidenced by the small standard deviations. Thus, careful injection of low, controlled doses of G-CSF, combined with antiplatelet agents and anticoagulants, produced no serious complications related to G-CSF injection. Recently, serious concerns were raised about the safety of G-CSF injection aimed at vascular regeneration in patients with ischemic coronary artery disease. The use of G-CSF after the onset of acute myocardial infarction led to unexpectedly high restenosis rate. 18 In addition, other investigators reported that G-CSF injection was associated with new onset of myocardial infarction in 2 of 12 cases with intractable coronary artery disease. 19 The subcutaneous injection doses of G-CSF were 10 g/kg per day in those 2 studies, which were 2-fold higher than the dosage used in the present study. Moreover, we performed coronary angiography in all patients and excluded cases of significant coronary stenosis. We also excluded patients who had undergone coronary intervention therapy within the previous 3 months. These facts might explain the different findings concerning adverse effects between the current study and the others. 18, 19 
Mechanisms of G-CSF Effect
In the G-CSF group, CD34 + cells, which are a possible marker of EPC mobilized from bone marrow into peripheral blood, were increased approximately 7-fold over pretreatment levels. Such mobilization of EPC has been previously shown to induce angiogenesis followed by improved inflow blood pressure and TcO2. [1] [2] [3] [4] Thus, 1 possible mechanism of the beneficial effects of G-CSF is the development of new vasculature mediated by CD34 + cells in the peripheral blood. This favorable role of CD34 + cells is supported by the fact that cyclophosphamide, which also mobilizes CD34 + cells, exerts beneficial effects on post-infarct myocardial function. 20 Moreover, the involvement of endothelial precursor cells in the mechanism of restoring blood flow was confirmed by our previous clinical study, which demonstrated that G-CSF injection also improved blood flow in ischemic myocardium. 21 It is well known that G-CSF contributes to the healing of myocardial infarction, 7 diabetic ulcers of the skin, 22 and ischemic necrosis resulting from doxorubicin extravasation. 23, 24 A recent study also demonstrated that intramuscular injection of G-CSF induced angiogenesis through mechanisms independent of EPC mobilization. 25 These findings suggest that other possible mechanisms of G-CSF, such as direct angiogenesis and wound healing, may play a role.
Study Limitations
In the current study, the BMT group served as a positive control on the basis of a recently published report. 4 The saline group also served as a negative control. However, this study was a small trial with no placebo control. Therefore, it may not be appropriate to conclude that G-CSF is effective. In addition, the G-CSF-dose dependency of therapeutic effects was not examined in the protocol of the present study of low-dose injection of G-CSF. Also, the association between the beneficial effect and the increase of white blood cells is unclear. Thus, larger trials with high and low doses of G-CSF are needed to substantiate our findings.
Conclusion
G-CSF therapy was associated with an improvement in the clinical signs and symptoms of atherosclerotic PAD. This noninvasive treatment may represent a useful new approach to managing PAD and therefore warrants further study.
